Persistent organic pollutants (POPs), such as dichlorodiphenyltrichloroethane (DDT) and other organochlorine compounds, are abundant in the environment and in foodstuffs from the Indian subcontinent. These environmental contaminants have been associated with a higher risk of diabetes in numerous studies. Asian Indians are well known to have a high risk of diabetes compared with other populations, and this risk is also found in migrant populations of Asian Indians in the United States, Europe, and elsewhere. We hypothesized that high plasma concentrations of POPs in Asian Indian migrants are linked to a variety of diabetes-related pathologies and explored the mechanism for the induction of these effects. We measured 30 environmental pollutants in plasma samples obtained from 147 participants in the Metabolic syndrome and Atherosclerosis in South Asians Living in America pilot study using a gas chromatography−tandem mass spectrometry analytical method that uses less than 0.5 mL of plasma. We found that plasma levels of o,p′-DDT and p,p′-DDT were independently associated with both body mass index (BMI) and waist circumference. Doubling the levels of the sums of these DDTs was associated with insulin insensitivity (−0.38 Matsuda index, p = 0.001), increased adiposity (1.26 kg/ m 2 BMI and 3.58 cm waist circumference increase, p < 0.0001), circulating insulin (12.9 mIU/L, p = 0.002), hepatic fat (−0.051 HU, p = 0.001), as well as increased odds of obesity (OR = 2.17, p < 0.001, BMI-based; OR = 2.37, p = 0.001, waist-based), prediabetes (OR = 1.55, p = 0.02), diabetes (OR = 1.72, p = 0.01), and fatty liver (OR = 1.66, p = 0.01) in multivariable models accounting for confounding by age, sex, years in the US, education, and fish protein. Furthermore, levels of DDTs were associated with increased hepatic fat and circulating insulin, independent of obesity and confounders. These findings suggest that exposure to DDTs may contribute to the risk of metabolic disease among Asian Indians by affecting hepatic fat levels independent of obesity. Article pubs.acs.org/est Cite This: Environ. Sci. Technol. XXXX, XXX, XXX−XXX
■ INTRODUCTION
Although the production and use of many persistent organic pollutants (POPs) were initially banned in 2004 under the United Nations Stockholm Convention, they remain a health hazard of concern worldwide due to numerous sources of ongoing exposure. 1 For example, POPs are stored in animal fat and bioaccumulate to remain throughout food webs worldwide resulting in POP contamination of human diets even in countries where POPs are banned. Further, POPs remain in production and use in countries that have not ratified the Stockholm Convention, including India and other South Asian countries. For example, polychlorinated biphenyls (PCBs) will not be phased out in India until 2025, and the organochlorine pesticide dichlorodiphenyltrichloroethane (DDT), though banned in some nations, continues to be used for disease vector control throughout the world. Mexico only recently banned the use of DDT, and countries in Africa and Asia continue to use it. India is the largest producer and user of DDT. 2, 3 It is therefore not surprising that the environment, food products, and human population of the Indian subcontinent including Sri Lanka, Pakistan, and Bangladesh are highly contaminated with DDT beyond the levels typically observed where DDT is not manufactured or used currently, and there is no sign that these levels are declining. 4 Further, global migration brings these highly exposed South Asians into countries that banned POPs decades ago. For example, more than 20 years after migrating to the United Kingdom (U.K.), South Asians living in London were reported to have 3-to 30fold higher circulating levels of POPs including the pesticide DDT and its metabolite dichlorodiphenyldichloroethane (DDE) compared to Europeans in the same city. 5 South Asians (individuals from India, Pakistan, Bangladesh, Nepal, Sri Lanka, and Bhutan) make up one-fifth of the world's population and are one of the fastest-growing immigrant groups in the United States (US). Compared to other race/ ethnic groups, South Asians have a much higher risk of diabetes. For example, in an analysis of adults (44−84 years old) with no known cardiovascular disease that were residing in the US from 2010 to 2013, it was reported that South Asians had significantly higher age-adjusted prevalence of diabetes (23%) than other ethnic groups (6% in whites, 18% in African Americans, 17% in Latinos, and 13% in Chinese Americans). 6 This difference increased further after adjustment for potential confounders. There are over 80 million diabetic individuals in India itself and many more in the South Asian diaspora, but the reasons for this elevated risk are unclear. 6−11 In European and American societies, type 2 diabetes (T2D) is tightly coupled to obesity. For example, a rise in obesity over a few years in Western countries is usually followed by a proportional rise in diabetes. 12, 13 However, obesity does not entirely explain the higher risk of type 2 diabetes in South Asians, where the increase in diabetes rates is not explained by obesity as much as is generally observed in Western countries. 14−16 Extensive consortium studies have been conducted to attribute this risk to unknown biological vulnerability (e.g., genetic polymorphisms and multiomics approaches), but these efforts have explained only a small proportion of the increased type 2 diabetes (T2D) risk. 17−19 One possible nongenetic explanation for the increased risk of diabetes in South Asians is a higher body burden of POPs that have been associated with diabetes in numerous studies. 20, 21 Positive associations between various POPs and T2D have been reported, including many organochlorine pesticides and other compounds, such as trans-nonachlor, DDT, DDE, lindane (γ-hexachlorocyclohexane, γ-HCH), polychlorinated biphenyls (PCBs), dioxins, and dioxin-like chemicals. 20, 21 A mixture assessment of the National Health and Nutrition Examination Survey (NHANES) also found that these POPs (DDE, many PCBs, dioxins, a furan, and heptachlor epoxide) were significantly associated with the prevalence of T2D. 22 Recently, Daniels et al. reported that diabetic South Asian immigrants from Sri Lanka and India to West London, U.K., had a higher body burden of DDE and the lindane contaminant β-HCH than those without diabetes. 5 One mechanism of insulin resistance that may be operating with POP exposure is the decreased insulin signaling caused by the lipotoxicity of excess hepatic lipids. 23 Experimental evidence from nonhuman primates and rodents strongly supports a role of POPs, e.g., DDT, DDE, PCBs, and polybrominated diphenyl ether flame retardants (PBDEs), in causing increased hepatic lipids and insulin resistance. 24−32 Although DDT was undetectable in the only human study of POPs and hepatic fat that we are aware of, PCB 118 was associated with biopsy-diagnosed nonalcoholic steatohepatitis in patients undergoing bariatric surgery. 33 We hypothesize that the mechanism by which POPs increase diabetes risk in humans is insulin resistance from excess ectopic fat deposition in the liver. Here, we examine this hypothesis in a US crosssectional study of Asian Indian immigrants (the Metabolic syndrome and Atherosclerosis in South Asians Living in America (MASALA) pilot study) with extensive clinical and imaging data and have measured a number of chemicals using a gas chromatography−tandem mass spectrometry (GC−MS/ MS) analytical method to measure POPs in less than 0.5 mL of plasma.
■ MATERIALS AND METHODS
Study Design. The MASALA pilot study design, sampling, recruitment, and enrollment have been described elsewhere. 15 Briefly, our sampling frame was created using the South Asian surnames. We obtained the name, address, and telephone number from randomly sampled households from the Bay Area using a commercial mailing list company (Genesys Marketing System Group, Washington, PA). We mailed letters and conducted phone calls to assess study eligibility. After mailing 3484 letters, we were unable to contact 1,897 (54.4%) of families by phone. Of approximately 1587 households reached by phone, 1091 (68.7%) did not have an eligible member primarily due to a young age. Another 346 (21.8%) were not interested, of whom approximately 98 (28%) were eligible for the study. Of all eligible persons, we enrolled 150/248 (60.5%) Asian Indian participants from the San Francisco Bay area of California in this study from August 2006 until October 2007. This rate is similar to the MESA Exam 1 participation rate (59.8%) of those screened and deemed eligible. 6 People were eligible if they were between the ages of 45 and 84 years, selfidentified as Asian Indian, and were able to speak and read English or Hindi. They were excluded if they had any known cardiovascular disease or had any procedures or surgeries of their heart or blood vessels, were undergoing cancer therapy, were cognitively impaired, had a life expectancy of less than 5 years, planned to move from the San Francisco Bay area, or lived in a nursing home. Age, sex, income, education, and years in the US were self-reported during enrollment. Macronutrient intake was assessed with a food frequency questionnaire developed and validated in South Asians in the study of health assessment and risk in ethnic (SHARE) groups. 34 All participants provided consent to the use of their biospecimens for future novel assays that were related to diabetes and other cardiovascular diseases. The MASALA study has had continuous institutional review board's (IRB) approval from the University of California at San Francisco. The use of the deidentified biospecimens and data was deemed as nonhuman subjects research by the University of California Davis.
Clinical Chemistry and Body Composition of MASA-LA Participants. Following a 12 h overnight fast, a 75 g oral glucose tolerance test (OGTT) was administered to all individuals, and blood samples were obtained just before glucose ingestion (time 0) and then 30, 60, 90, and 120 min postchallenge for plasma glucose and serum insulin measurements. OGTT was not performed on participants who were on hypoglycemic medications for diabetes. Fasting plasma glucose levels were analyzed using the hexokinase method using an automated analyzer (YSI 2300 STAT Plus, YSI Life Sciences, Yellow Sprints, OH), and serum insulin was measured by radioimmunoassay (Millipore, St. Charles, MO). Total cholesterol and triglycerides were measured by enzymatic methods (Quest, San Jose, CA).
Glucose tolerance status was determined according to the American Diabetes Association definitions. 35 Diabetes was classified by the American Diabetes Association criteria: 36 if fasting glucose ≥126 mg/dL and/or 2 h postchallenge glucose ≥200 mg/dL and/or the use of a diabetes medication; prediabetes was classified if fasting glucose was 100−125 mg/ dL and/or 2 h glucose was 140−199 mg/dL; normal glucose tolerance was classified for fasting glucose < 100 mg/dL and 2 h glucose < 140 mg/dL. Insulin resistance was estimated by measures that are correlated to the gold-standard euglycemic hyperinsulinemic clamp including fasting insulin 37 and the Matsuda index (insulin sensitivity index, ISI). 38, 39 This index has previously been used on MASALA participants. 40 Trained staff measured the participants' height, weight, and waist circumference. Overweight (≥23 kg/m 2 ) and obesity (≥27.5 kg/m 2 ) utilized the public health action points recommended for many Asian populations by the World Health Organization. 41 Participant weight was measured on a standard balance beam scale, and height was measured using a stadiometer. Waist circumference was measured using a Gullick II tape at the site of the maximum circumference midway between the lower ribs and the anterior superior iliac spine. A waist circumference of at least 80 cm in women or at least 90 cm in men was also defined as obese, as recommended for South Asians. 42 Assessment of liver attenuation by the use of unenhanced computed tomography (CT) represents an objective and noninvasive means for the detection of asymptomatic hepatic steatosis, whereas clinical risk factor assessment is unreliable. 43 Noncontrast computed tomography (CT) images were obtained with a cardiac-gated CT scanner (Phillips 16D) to assess hepatic fat attenuation. 16 CT images of liver and spleen density were used to quantify hepatic fat content. 43 CT measurements included minimal, maximal, and mean attenuation at a minimum of two liver sites and one spleen measurement. Hepatic fat content was defined by a liver-to-spleen attenuation ratio of Hounsfield units (HUs) < 1, and lower values represent higher amounts of hepatic fat. Steatosis was a dichotomous variable with hepatic fat attenuation < 40 HU. 15, 44, 45 Analytical Chemistry Materials. Hexane (certified ACS, 98.5% purity), acetone (certified ACS, 99.5% purity), methyl tert-butyl ether (MTBE; HPLC grade, >99% purity), dichloromethane (DCM; Optima grade, 99.9% purity), and anhydrous sodium sulfate (certified ACS, 99% purity) were purchased from Thermo Fisher Scientific (Waltham, MA). The following standard mixtures were purchased from Accustandard (New Haven, CT, product numbers shown in parentheses): AccuGrand 8270 semivolatile standard (M-8270-AG01-ASL), method 525.2 organochlorine pesticides (M-525.2-CP-ASL), PBDE congeners of primary interest calibration mix (BDE-CM), PCB congeners mix 2 (AE-00041), pesticide mix 1 (AE-00010), dioxin mix (M-8280A), WHO/NIST/NOAA congener list (C-WNN), and pesticide/herbicide mix (M-551.1C). Individual standards for PCB congeners 65 and 166 were also purchased from Accustandard. SV calibration mix #5/610 PAH mix (product number: 31011) was purchased from Restek (Bellefonte, PA). Florisil solid-phase extraction (SPE) cartridges (HyperSep) were purchased from Thermo Fisher Scientific. Nitrogen and helium gases (99.999% purity) were purchased from Airgas (Radnor, PA). Charcoal-stripped fetal bovine serum (FBS) was purchased from Sigma-Aldrich.
POP Extraction Procedure. Liquid−liquid extraction and sample cleanup procedures were based on published methods. 46 Briefly, plasma samples (250−500 μL, typically ∼400 μL) were taken from participants during the baseline examination (August 2006−October 2007) while the participants were fasting for at least 12 h and stored −80°C with no thaws prior to POP extraction (2017−2018). Plasma was thawed at room temperature for 30 min and then vortexed twice for 15 s. The sample volume was recorded, and the plasma was transferred to a vial containing 5 mL of 1:1 hexane/acetone and 10 μL of a 70 pg/μL spike solution containing PCB congeners 166 and 65 as internal recovery surrogates. The vials were vortexed and allowed to stand overnight at room temperature. The contents of each vial were loaded, along with two 3 mL rinses with hexane/acetone, onto SPE cartridges preconditioned with 5 mL of MTBE. Analytes were eluted into 40 mL of glass centrifuge tubes with three rinses of 5 mL of MTBE, followed by a single rinse of 5 mL of DCM. Following elution, the glass centrifuge tubes were placed in a nitrogen evaporator (Multivap Evaporator, Organomation, Berlin, MA) operated at 45°C under a gentle stream of ultrahigh-purity N 2 gas until the eluent volume was reduced to ca. 1 mL. The reduced extracts were then transferred to clear autosampler vials along with two 0.5 mL hexane rinses using glass Pasteur pipettes and evaporated to 0.1 mL at 45°C under a gentle stream of ultrahigh-purity N 2 gas (Reacti-Vap, Thermo Fisher Scientific). The extracts were then transferred along with two 50 μL hexane rinses to preweighed amber autosampler vials fitted with 300 μL glass inserts. The vials were capped, weighed, and stored at 4°C until analysis.
Analytical Chemistry Methods. Plasma extracts were analyzed using an Agilent 7890 gas chromatograph-7010 C triple quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA) equipped with a cooled injection system (CIS; GERSTEL, Mulheim an der Ruhr, Germany). Separation was achieved on a 30 m DB-35MS Ultra inert column (Agilent Technologies; 250 μm phase thickness, 0.25 mm inner diameter). Samples (1 μL) were injected into the CIS inlet in split-less mode using an inlet temperature program starting at 70°C, ramping at a rate of 12°C/s to 300°C, and holding at 300°C for 10 min. Helium served as the carrier gas, delivered at a flow rate of 1 mL/min, and the oven temperature program was 50°C for 1.3 min, increased at 35°C/min to 200°C , increased at 3°C/min to 290°C, increased at 10°C/min to 340°C, and then held for 5 min. The ion source was operated at a temperature of 230°C, while the quadrupole detectors were held at 150°C, with a collision gas (nitrogen) flow of 1.5 mL/min and a quench gas (helium) flow of 2.25 mL/min.
The mass spectrometer was operated in multiple reaction monitoring (MRM) mode with two transitions monitored for each analyte. Transitions and collision energies were optimized using the Agilent MRM acquisition optimization tools software program (version B.07.00). A dwell time of 10 milliseconds was used for all transitions. A list of transitions and collision energies for the 30 POPs and the two PCBs used as internal recovery surrogates is provided in Table S1 . MassHunter quantitative data analysis (version B.07.01, Agilent Technologies) was used to integrate and quantitate analyte peak areas.
Eleven-point calibration curves over a 6-order-of-magnitude concentration range were prepared by the sequential dilution of a multistandard (i.e., a combination of Accustandard and Restek). To address the potential effects of the background matrix on analyte response, calibration standards were prepared by extracting 400 μL of charcoal-stripped FBS that had been spiked with the analyte mixtures.
Quality Assurance and Quality Control. Accuracy and reproducibility of the analytical method were determined by routinely measuring POP levels in positive controls consisting of NIST SRM 1958 (Standard Reference Material 1958: Organic Contaminants in Fortified Human Serum, purchased from the National Institute of Standards & Technology, Gaithersburg, MD), for which concentrations have been confirmed by NIST, the US Centers for Disease Control, and an interlaboratory study (see Table S2 ). 47 This approach has been widely used to validate analytical methods for quantifying POPs in plasma and serum samples. 48−51 Plasma and serum samples were considered equivalent to each other for the purposes of pollutant analysis. 52, 53 Quality control cutoffs of ±35% error and a relative standard deviation of <15% were established based on similar studies. 49,54−56 Results for compounds with NIST SRM 1958 values outside these cutoffs were not analyzed further (see Results and Discussion). In addition, a charcoal-stripped FBS method blank (negative control) was included in every 20 samples to monitor for sample contamination. Method blank median and interquartile range (IQR) for each compound are reported in Table 1 . For one compound, pyrene, the median method blank concentration was over five times the limit of detection (LOD) value and had an interquartile range of 22% of the median value. Therefore, blank subtraction was carried out by subtracting the median method blank value from each measured concentration for pyrene. The LOD for each compound is shown in Table 1 and was estimated as the lowest calibrated level at which analyte peaks met the following four conditions: signal/noise ratio > 3, retention time ± 0.1 min of the highest calibration standard's retention time, the peak area above that of the instrumental blank (clean solvent), and the qualifier ion ratio within ±20% of the highest calibration standard's ratio. 57 For compounds with <100% detects, the median was computed by substituting LOD/√2 for all nondetects. PCB congeners 65 and 166 were used as internal recovery surrogates because they were not used in commercial PCB formulations. The median recovery for PCB 65 and 166 was 100%, and the average was 103%.
Statistical Analysis. Volumetric chemical concentrations were adjusted by lipid weight, which was estimated from sample-specific cholesterol and triglyceride measurements according to the Phillips equation. 58 All continuous variables were evaluated for normality (PROC UNIVARIATE) and were log base 2 transformed when skew was evidenced visually. POPs for which less than 75% of samples were above the LOD were excluded from further analysis. The MASALA pilot study was composed of 150 subjects. Two samples were compromised during SPE, and one sample was not available for extraction. These samples were excluded from the analysis. Two participants of the remaining 147 were born in the US; thus, their years of residency were equivalent to their age. One subject born outside the US had missing glucose homeostasis parameters, e.g., mean glucose, insulin, and insulin sensitivity. An additional 13 subjects did not have a liver/spleen or fatty liver evaluation, and one of these did not have waist circumference recorded, resulting in 134 observations of these outcomes.
Continuous outcomes (BMI, waist circumference, liver-tospleen attenuation, glucose, insulin, and insulin sensitivity index) were modeled using generalized linear regression models (PROC GLM, SAS 7.0). Categorical outcomes (normal/prediabetes/diabetes, normal/overweight/obese, nor- mal/fatty liver) were modeled using generalized logistic regression models (PROC LOGISTIC link = glogit). Each POP was evaluated in an unadjusted simple 59 model of BMI and waist circumference. POPs that were significantly associated with both adiposity metrics were further evaluated in multivariable models including those of other outcomes.
Variables that were considered plausible confounders included age (years), time residing in the US (years), sex, education attainment (less than or completed high school, less than a bachelors degree, holding a bachelors degree, and more than a bachelors degree), family income (at or less than USD 40 000, USD 40 000−74 999, USD 75 000−99 999, and at or above USD 100 000), total calories per day, total calories from fat per day, total protein from fish per day, and POPs. Correlations among plausible confounders, exposures, and outcomes were evaluated to inform subsequent model building (Pearson for continuous, Spearman for categorical, SAS PROC CORR, visualized in MATLAB). Highly correlated and structurally similar POPs (e.g., p,p′-DDT and o,p′-DDT, herein referred to as DDTs) were summed in analyses to avoid potential colinearity; the one sample with undetected o,p′-DDT was treated as zero for the presentation of those results. Among variables that were significantly correlated with both POPs and outcomes, variables were included in the presented multivariable models if they changed the regression coefficient of a POP by more than 10% compared to those of simple (e.g., one independent POP variable) models and as informed by our directed acyclic graph, which distinguished confounding from mediating variables. 60 Several sensitivity analyses were performed. A sensitivity analysis of final confounder-adjusted multivariable models of continuous outcomes was conducted to evaluate the effects of bias resulting from one undetected o,p′-DDT sample. In these two alternative scenarios, the undetected o,p′-DDT was replaced with half of the LOD, or all of the data for the subject was deleted. Because the outcomes are biologically related to lipid homeostasis, the sensitivity of multivariable models to lipid adjustment was also evaluated using log base 2 transformed volumetric wet weights of DDTs with and without total lipids as a separate model term. We evaluated whether our interpretation of DDT effects would change if we used the WHO 1993 BMI cut-points, 30 kg/m 2 > overweight ≥ 25 kg/ m 2 and obese ≥ 30 kg/m 2 , in multivariable models. 41 Some exploratory models of mediation were presented as adjusted by BMI-based categories instead of waist-based categories because one waist value was missing.
■ RESULTS AND DISCUSSION Measurement of POPs in MASALA Participants. Lipidadjusted and volumetric concentrations of 20 POPs in the plasma for the 147 study participants analyzed by GC−MS/ MS are shown in Table 1 . The majority of these 20 chemicals, including 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) and all isomers of DDT and DDE, were detected in >80% of the samples even though less than 0.5 mL of plasma was used in the analytical procedure. Results for nine of the original 29 chemicals (γ-chlordane, α-HCH, γ-HCH, PBDE 47, PBDE 99, PBDE 183, PCB 118, PCB 153, and PCB 206) were not subjected to further analysis because the NIST SRM 1958 results were outside the acceptable quality control ranges of ±35% error and <15% RSD. 49,54−56 Analysis of NIST SRM 1958 for the 20 reported chemicals yielded accuracies within the range of −24−32% error. Precision, as measured by the relative standard deviation, was below 14% for all 20 chemicals. Additional details of the quality assurance data are reported in the Supporting Information, Table S2 . We suspect that intersample variance results from life circumstance rather than imprecision given that exposures to pesticides in MASALA and in India vary across 3 orders of magnitude. For example, a review of exposure assessments throughout India documented ∑DDT concentrations in blood ranged from 8 to 3856.7 μg/L (nonlipid-adjusted) and ∑HCH concentrations ranged from 6 to 2633.7 μg/L (nonlipidadjusted) depending on the occupation, age, and location of the individuals studied. 4 Among POPs measured in MASALA, only certain organochlorine pesticides and their metabolites were significantly inversely associated with years in the US (each doubling of β-HCH, p,p′-DDE, p,p′-DDT, o,p′-DDE, and o,p′-DDT was associated with 4.6 (95% CI: −5.9, −3.3), 4.4 (4.5) (95% CI: −6.2, −2.8), 5.2 (95% CI: −6.8, −3.6), 6.1 (95% CI: −10.6, −1.7), and 4.5 (95% CI: −6.3, −2.7) fewer years in the US, respectively). One PCB isomer and trans-nonachlor were positively associated with increased time in the US, where each doubling of PCB 180 or trans-nonachlor was associated with 4.0 (95% CI: 2.0, 6.1) or 4.4 (95% CI: 2.5, 6.2) more years in the US, respectively. None of the PBDE flame retardants, 2,3,7,8-TCDD, or benzo[a]pyrene were significantly associated with time in the US.
The circulating levels of p,p′-DDE and p,p′-DDT in MASALA participants were qualitatively higher than those reported contemporaneously in the US and California. Further, compared to MASALA participants, median p,p′-DDT was 12× lower among these California farmworkers 62 (2003− 2004 NHANES did not detect p,p′-DDT at the 50th percentile). 61 Indeed, after 2004, NHANES began pooling POP analyses because the POP levels in the US representative sample continued to drop, suggesting that POP exposure differences between MASALA participants and the US representative sample may currently be larger. 61 It is difficult to imagine interstudy characteristics that could account for such large exposure assessment differences. For example, the range years of exposure assessment among these three studies encompass less than one half-life of p,p′-DDE or p,p′-DDT. 63 Further, while NHANES was designed to represent the age range of the adult US population, its upper 95th percentile confidence boundary (28.7 ng p,p′-DDT/g serum lipids) 61 does not encompass the median (38.3 ng p,p′-DDT/g serum lipids) p,p′-DDT level observed in MASALA participants. This suggests that age-associated POP accumulation may also be an unlikely explanation for the relatively high burden of p,p′-DDE and p,p′-DDT in MASALA participants. Finally, while MASALA participants have a higher prevalence of excess adiposity than participants of NHANES or CHAMACOS, comparing p,p′-DDE and p,p′-DDT concentrations relative to serum lipids across these studies normalizes for the effects of differences in adiposity. 64 Despite that MASALA participants have been in the US on average for 26 years, p,p′-DDE and p,p′-DDT levels in MASALA participants more closely resemble those reported in the South Asian diaspora. South Indian (Tamil and Telugu) immigrants to the U.K. had p,p′-DDE and p,p′-DDT serum concentrations over eight times the concentrations observed in whites of European descent; 5 MASALA participants had 3.5and 2-fold higher medians than these immigrants, respectively.
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Correlations between individual POPs were evaluated by calculating Pearson's correlation coefficient between each pair of log-transformed chemicals (Figure 1 ). DDT and DDE isomer exposures were highly correlated (ρ = 0.7−0.9) with each other. This is consistent with the circulating human DDE levels arising from the metabolism of absorbed DDT rather than from DDE contamination of the food supply. PBDEs were also highly correlated with each other (ρ = 0.7−1.0), which was attributed to the presence of several PBDE homologs in commercial-grade mixtures, 4 making coexposure to multiple PBDEs likely. The β-HCH and δ-HCH isomers were not correlated with one another. This finding is not surprising because β-HCH is more persistent in biota and the environment than other HCH isomers, and the δ-HCH isomer is not very abundant in general. 65, 66 The polycyclic aromatic hydrocarbons (PAHs) pyrene and benzo[a]pyrene were also correlated (ρ = 0.7), which is expected as both are combustion byproducts found in cooked and smoked foodstuffs, cigarette, and wood smoke, and as persistent air pollutants.
Associations of DDT with Adiposity among the Asian Indians in the US. The majority of MASALA participants were overweight or obese ( Table 2) . Given the elevated levels of several POPs in MASALA participants compared to those of others reported in the US, one could hypothesize that elevated POP exposure corresponded generally to an elevated risk of adverse metabolic health, measured as elevated BMI and waist circumference. However, most of the POPs measured in the plasma of MASALA participants were not associated with either BMI or waist circumference in simple single-POP linear regression models (Table 3 ). The exceptions were p,p′-DDT and o,p′-DDT, which were the only POPs that had positive associations with both measures of adiposity. Hence, the lack of associations between adiposity and other lipophilic chemicals measured in MASALA participants suggests that most POPs are not obesogens. Further, given the wide range of times that MASALA participants have lived in the US (0−52 years, presumably equivalent to the time of the last high DDT exposure), it is unlikely that the associations observed with DDT are due to its lipophilic nature and the different volume of distribution and half-life in subjects who are overweight. Instead, our data suggest that the obesogenic effect of DDT observed in this study is explained by pharmacodynamics rather than pharmacokinetics. 64 Because p,p′-DDT and o,p′-DDT isomers were highly correlated (Figure 1 ), we performed further analyses that evaluated their sum (termed DDT). DDT was significantly associated with increased adiposity in simple and confounderadjusted models (models 1 and 2 in Table 4 , respectively). As an additional example, between the 25th and 75th percentiles of total DDT exposure in MASALA, there was an associated increased in BMI by 4.43 kg/m 2 (95% confidence interval: 1.93, 6.91) and in waist circumference by 13.4 cm increase (95% confidence interval: 7.2, 19.7) in confounder-adjusted models. This association between DDT and adiposity also extended to clinically defined obesity where DDT was associated with increased odds of being overweight ( [1.42, 3 .96] for waist circumference > 80 or >90 cm in women or men, respectively) in confounder-adjusted models. Other POPs, including p,p′-DDE, that were associated with either BMI or waist circumference in (Table 4 ) simple models were not significant in confounder-adjusted models. This further supports the suggestion that most POPs are not obesogens.
It is difficult to compare the association of DDT and adiposity in MASALA with the published literature as there are very few human populations in which DDT is detected with the frequency required to perform reasonable association analysis. The only other human studies of DDT exposure and adiposity have been in birth cohorts (offspring and mothers). For example, in a study of prenatal exposure to p,p′-DDT at levels nearly 12× lower than in MASALA participants, prenatal p,p′-DDT was associated with the risk of overweight among Spanish children in some secondary analyses (e.g., in boys, in those eating a diet higher in fats). 67 In the CHAMACOS study, positive associations were observed between DDT and BMI, waist circumference, and body fat percent. 62 However, three studies from the Collaborative Perinatal Project, a US birth cohort with p,p′-DDT levels over 20 times lower than the median in Asian Indians here, found that prenatal p,p′-DDT was not associated with adiposity and/or obesity measures in offspring during their first two decades of life. 68−70 Hence, the discrepancy between adiposity associations with p,p′-DDT in these studies may relate to differences in exposure range, exposure age, outcome age, or some combination of these. Additional studies in the broader South Asian population with high DDT exposures should be performed to validate our findings.
We note that the two studies that have examined both DDT exposure and adiposity in experimental animals found that developmental exposure to DDT increased adiposity in adults 
Article DOI: 10.1021/acs.est.9b03373 Environ. Sci. Technol. XXXX, XXX, XXX−XXX from subsequent generations in two different rodent species. 71, 72 Further, a systematic review that applied the National Toxicology Program framework based on the Grading of Recommendations Assessment, Development and Evaluation "GRADE" approach, including a risk of bias assessment, identified 19 in vivo studies and 7 in vitro studies that supported the biological plausibility of the obesogenic effects of DDT. 24 These studies revealed that experimental dosing of DDT impaired energy expenditure in vivo and increased adipogenesis in vitro, with molecular changes consistent with these metabolic outcomes. Consistent with this experimental evidence supporting DDT as a presumed obesogen, 24 in the present study, we found a positive association between adult DDT blood levels and adiposity, but are unable to presently determine if DDT measured in adults from MASALA was correlated to their prenatal exposure.
Associations of DDT with Hepatic Fat Attenuation among the Asian Indians in the US. Obesity is characterized by the presence of not only excess lipids in larger adipose depots but also excess fat being present in other tissues as ectopic depots. Nonalcoholic fatty liver disease (NAFLD) is thought to be prevalent in the US but is grossly underdiagnosed. This is because clinical chemistry biomarkers in blood lack specificity to NAFLD, imaging is expensive, and biopsy is painfully invasive. Since high DDT levels were associated with obesity in the present study, and DDT has been shown to increase hepatic fat and induce fatty liver consistently in numerous rodent studies, 24 we hypothesized that DDT may also increase the risk of NAFLD in humans. We used CT to measure fat in the liver and spleen of 134 MASALA participants and calculated liver-to-spleen attenuation to determine the presence of fatty liver. 15, 44, 45 This subset of MASALA participants had a very similar distribution of attributes compared to that of the 147 participants analyzed elsewhere. In support of our hypothesis, DDT was associated with a significant decrease in liver-to-spleen attenuation (where a lower attenuation equates to more fat in the liver, model 1; Table 5 ). Indeed, DDT was associated with a 2.4 increased odds of fatty liver (95% CI: 1.39, 4.14) in confounder-adjusted models (model 2, Table 5 ).
We continued to explore our hypothesis that obesogenic DDT contributes to ectopic fat accumulation by further adjusting the liver fat models accounting for overweight, obese, or healthy weight status. After this adjustment, the association of DDT and both liver-to-spleen attenuation and odds of fatty liver was modestly attenuated but remained significant (model 3, Table 5 ). This raises the possibility that DDT primes the liver to be susceptible to fat accumulation through effects that are both dependent and independent of the positive association of DDT on adiposity. Consistent with MASALA, we note that in eight studies identified in a systematic review, rats and mice exposed to a broad range of DDT doses had increased hepatic lipids (e.g., phospholipids, cholesterol, triglycerides), total liver weights, and lipogenic enzymes relative to unexposed control rodents. 24 Unfortunately, because none of these rodent studies reported a measurement of total body fat mass, 24 we do not know the inter-relationship between the total and hepatic fat mass caused by experimental DDT dosing. Instead, we know that experimental DDT exposure increased lipogenic protein expression (e.g., ACC, ACLY/ATPCL) in the livers of mice. 72 Consistent with these protein changes, several isotope tracer studies have demonstrated that DDT increases hepatic lipogenesis. 73, 74 This experimental evidence suggests that increased hepatic lipogenesis could be a mechanism by which DDT contributes to hepatic fat accumulation.
Associations of DDT with Insulin Insensitivity among the Asian Indians in the US. A variety of glucose homeostasis parameters were available in MASALA, and we chose to focus on those with continuous measures and no additional missing data. Hence, we evaluated the association of DDT with ISI (Matsuda index) and the metabolic parameters, which underlie this index, e.g., mean glucose and insulin. 38−40 DDT was strongly associated with decreased insulin sensitivity in both simple and confounder-adjusted models (models 1 and 2 in Table 6 , respectively). These results were consistent with the studies of adult mice where DDT exposure also caused insulin resistance. 72 DDT was further associated with 1.55 and 1.72 increased odds of prediabetes and diabetes, respectively, among MASALA participants in confounder-adjusted models (p < 0.05, Table S3 ). This association agrees with a recent meta-analysis, which found that DDT was significantly associated with an increased summary-odds of T2D. 75 We next explored how DDT could increase insulin resistance and the odds of diabetes. Although DDT had a positive association with mean glucose, this association was not significant in any of our models (Table 6 ). Indeed, the reduced insulin sensitivity associated with DDT was not met with any change in glucose but instead was accompanied by a 12.9 mIU/L increase in plasma insulin levels per doubled DDT level in confounder-adjusted models (p = 0.002, model 2; Table 6 ). A study in nonhuman primates demonstrated that DDT exposure causes excess diabetes comorbid with hepatic steatosis, 26 and metabolic research indicates that obesity and fatty liver impair insulin signaling to lead to insulin resistance and diabetes. 23, 25 However, DDT remained significantly associated with increased insulin levels (about a 10−12 mIU/L insulin increase per doubled DDT concentration) when models accounting for confounding (model 2) were adjusted for hypothesized mediators 76−78 [e.g., overweight, obesity, fatty liver (models 3−5, Table 6 )]. The positive association between DDT and insulin levels in MASALA participants is consistent with experimental evidence that DDT exposure caused increased circulating insulin in adult mice, 72 but is inconsistent with the previous reports that DDT can reduce insulin secretion from human and mouse β cells. 79, 80 Odds of prediabetes and diabetes associated with DDT were no longer significant when confounder-adjusted models were further adjusted by hypothesized mediators 76−78 [e.g., overweight, obesity, fatty liver, and ISI (models 4−7, Table S3 )]. These data suggest that DDT may contribute to the odds of diabetes through both excess lipids and insulin resistance.
Numerous sensitivity analyses supported the inferences of this study. The DDT effect size and significance for all continuous outcomes reported here did not change when the undetected o,p′-DDT was replaced with half of the LOD or all of the data for the subject was deleted. The magnitude of DDT vs adiposity associations were tightly upheld in sensitivity analyses where we compared models using DDT adjusted by lipid weight, 58 Table S4 ). If we used definitions of obesity and overweight that are insensitive to the distinct risk of being Indian Asian, e.g., 30 kg/m 2 > overweight ≥ 25 kg/m 2 and obese ≥ 30 kg/ m 2 , 41 no significance presented here became insignificant or vice versa, and the effect size estimates were nearly identical. For example, the change in liver-to spleen attenuation (HU) per doubled DDTs was −0.042 (95% CI: −0.073, −0.010), and the odds of fatty liver per doubled DDTs was 1.57 (95% CI: 1.01, 2.43) when the typical 25 and 30 BMI cut-points were substituted into model 3 of Table 5 . Further, the change in insulin (mIU/L) per doubled DDTs was 10.1 (95% CI: 1.1, 19.1) when the typical 25 and 30 BMI cut-points were substituted into model 5 of Table 6 .
Given that estrogen protects against fatty liver and insulin resistance experimentally, 81 it is implausible that o,p′-DDT and p,p′-DDT cause the associations observed here through their known activation of the estrogen receptor. 82 Future experimental efforts should seek the mechanistic underpinnings of the associations between DDT and adiposity, hepatic fat, and insulin sensitivity seen here. Because steatosis has few approved therapies, there is a potential medical benefit that such mechanistic research could lead to new clinical targets relevant beyond just South Asian patients.
This study is limited in sample size and by its cross-sectional design. Exposures and outcomes were measured, not reported, which limits the concern of reporting or recall biases. The analyses further benefit from adjustment by confounding variables typically adjusted for in obesogen analyses, such as age and education. 24 Poor diet is a potential source of residual confounding that is not often accounted for in obesogen studies. 24 Hence, MASALA was relatively unusual, in that extensive food frequency data was available. This allowed us to determine that the association of DDT with outcomes here was independent of fish consumption, caloric intake, and various dietary fats. Although we did not have physical activity Model 1: simple model of DDTs and outcomes; n = 147 subjects. b Model 2: adjusted by confounding variables (age, sex, years in US, education attainment (less than or completed high school, less than a bachelors degree, holding a bachelors degree, and more than a bachelors degree), and fish protein); n = 147 subjects. c Model 2 plus BMI categories: adjusted by age, sex, years in US, education attainment (less than or completed high school, less than a bachelors degree, holding a bachelors degree, and more than a bachelors degree), fish protein, and obesity/overweight/normal (by BMI ≥27.5, 27.5-23 or <23 kg/m 2 respectively). Note we adjusted by BMI categories rather than waist circumference categories to maximize sample size; n = 147 subjects. d Model 2 plus fatty liver: adjusted by age, sex, years in US, education attainment (less than or completed high school, less than a bachelors degree, holding a bachelors degree, and more than a bachelors degree), fish protein, α-HCH, and fatty liver; n = 134 subjects. e Model 2 plus BMI and fatty liver categories: adjusted by age, sex, years in US, education attainment (less than or completed high school, less than a bachelors degree, holding a bachelors degree, and more than a bachelors degree), fish protein, α-HCH, BMI categories, and fatty liver; n = 134 subjects. Note we adjusted by BMI categories rather than waist circumference categories to maximize sample size; n = 147 subjects.
Article data in MASALA, we suspect this omission was not a strong source of unmeasured confounding given there was no effect of DDT on the physical activity of mice in the only study so far for which this was evaluated, 72 and it is implausible that human physical activity levels are associated with their unknown DDT levels. Future studies should evaluate the hypotheses presented here in a larger longitudinal cohort of South Asians, including those with greater metabolic health, to confirm our observations. Accuracy and precision measurements using NIST SRM 1958 are most applicable when concentrations in the standard reference material are within the same order of magnitude of the concentrations measured in samples. Medians for β-HCH, trans-nonachlor, hexachlorobenzene, p,p′-DDE, p,p′-DDT, and PCB 180 were all >20% of the NIST SRM 1958 certified value. For other chemicals, the median concentrations reported were <20% of the NIST SRM 1958, and therefore their error may be underestimated. Although we could not reach definitive conclusions regarding comparisons of PBDE concentrations to other study populations due to this limitation, because of the qualitatively high levels of PBDE isomers reported herein and their poor characterization in South Asian populations, we recommend that they are included in future biomonitoring of South Asian populations. Another possible limitation of the analytical method is the storage period (ca. 10 years) of the plasma samples between the time of collection and analysis. There is limited documentation on the effects of storage time on measurements of POPs in plasma and serum, but samples stored properly at −80°C with no thaws are generally considered stable. 83 In addition, the studies of POPs in mussel tissue stored at −80°C over 25 years showed acceptable stability. 84 South Asians account for 2% of the US population with over 5.1 million individuals and are the second fastest-growing immigrant group in the US. This study has identified relatively high levels of POPs in South Asians residing in the US. The relatively high levels of DDT among South Asian immigrants in the US. are a cause for increased public health surveillance and awareness given it corresponds to an elevated risk of adverse metabolic health. Overall, the data suggest that DDT is associated with decreased insulin sensitivity, and we suggest that this occurs through excess ectopic fat in Asian Indians leading to an increased risk of diabetes. The findings have public health implications for the ∼1.8 billion South Asians throughout the world, especially those in countries still using POPs, and may allow for medical intervention in high-risk individuals with the targets of hepatic fat metabolism examined here. 
